12 13 Running title: Interactions drive microbiome species composition 14 15 Word count abstract: 249 16 Word count text: 4315 17 18 2 Abstract 19 Organisms and their resident microbial communities form a complex and mostly stable 20 ecosystem. It is known that the specific composition and abundance of certain bacterial 21 species affect host health and fitness, but the processes that lead to these microbial 22 Importance 42 This work studies microbial interactions within the microbiome of the simple cnidarian, 43 Hydra, and investigates whether microbial species coexistence and community stability 44 depends on the host environment. We find that the outcome of the interaction between 45 the two most dominant bacterial species in Hydra's microbiome differs depending on 46 the environment and only results in a stable coexistence in the host context. The 47 interactive ecology between the host, the two most dominant microbes, but also the less 48 abundant members of the microbiome, are critically important for achieving the native 49 community composition. This indicates that the metaorganism environment needs to be 50 taken into account when studying microbial interactions. 51 52 130 their individual carrying capacities. After about 72 h of growth on the host, both 131 microbial species reach a stable population size (Fig. 1B). This carrying capacity, when 132
patterns are unknown. We investigate this by deconstructing the simple microbiome of 23 the freshwater polyp Hydra. We contrast the performance of its two main bacterial 24 associates, Curvibacter and Duganella, on germ free hosts with two in vitro 25 environments over time. We show that interactions within the microbiome but also the 26 host environment lead to the observed species frequencies and abundances. More 27 specifically, we find that both microbial species can only stably coexist in the host 28 environment, whereas Duganella outcompetes Curvibacter in both in vitro environments 29 irrespective of initial starting frequencies. While Duganella seems to benefit through 30 secretions of Curvibacter, its competitive effect on Curvibacter depends upon direct 31 contact. The competition might potentially be mitigated through the spatial structure of 32 the two microbial species on the host, which would explain why both species stably 33 coexist on the host. Interestingly, the fractions of both species on the host do not match 34 the fractions reported previously nor the overall microbiome carrying capacity as 35 reported in this study. Both observations indicate that the rare microbial community 36 members might be relevant for achieving the native community composition and 37 carrying capacity. Our study highlights that for dissecting microbial interactions the 38 specific environmental conditions need to be replicated, a goal difficult to achieve with 39 in vitro systems. 40 41 Introduction 53 Eukaryotes form a distinct habitat for microbial communities (microbiomes) and these 54 microbial associations are integral to life. The host with its associated microbial 55 community, often dominated by bacteria but co-habited by fungi, protozoa, archaea, and 56 viruses, is termed a metaorganism. Microbiomes can contain from few up to thousands 57 of microbial species -the human microbiome, for example, is estimated to be comprised 58 of about 5000 bacterial species (1-3). These host-associated microbial communities 59 have been shown to enhance host function and contribute to host fitness and health (4).
60
Changes in microbiome diversity, function, and density have been linked to a variety of 61 disorders in many organisms (5-8).
62
A major goal in host-microbe ecology is to unravel the ecological and 63 evolutionary dynamics of microorganisms within their communities. Of particular 64 relevance are the factors that shape the stability and resilience of such communities, 65 despite different fitness trajectories of the microbiome members. The microbial 66 response to stress or perturbations, e.g. exposure to a new substrate, provides a 67 selective advantage to certain members of the community. If the system cannot tolerate 68 the change, the microbial community dramatically shifts until a different equilibrium 69 state is reached (9). Frequency-dependent selection forces the host to adapt to these 70 changes and select for or against the most frequent genotypes of their associated 71 microbiota (10). There is, for example, strong evidence that species-specific 72 antimicrobial peptides (AMPs) shape, control, and confine host-species specific bacterial 73 associations (11, 12) . In addition, microbial communities are not evenly distributed, e.g. 74 along the gastrointestinal tract or between the lumen and the epithelial surfaces (2, 13, 75 14). These significant differences in niches or micro-habitats and their occupancy is 76 known as spatial heterogeneity and will affect community assembly rules and dynamics 77 (15, 16) . Interspecies metabolic exchange is another key biotic force acting as a major 78 driver of species co-occurrence in diverse microbial communities (17).
5
To experimentally address the composition and assembly of animal 80 microbiomes current efforts have taken advantage not only of the traditional models 81 such as the zebrafish, the fruit fly, and the nematode worm but also of other systems 82 such as the honeybee, and crustacean species belonging to the genus Daphnia (18). All of 83 these simple animal models can be raised and manipulated in the laboratory allowing 84 for the discovery of fundamental principles of animal-microbiome interactions. As most 85 of these models contain only a small number of taxa, a bottom-up approach can help to 86 better understand these host-associated microbiomes using synthetic microbial 87 communities (19, 20) .
88
We here apply a reductionist approach to disentangle the inherent complexity of 89 interactions in host-microbiomes. We use the freshwater polyp Hydra vulgaris and its 90 microbiome, which has become a valuable experimental model in metaorganism 91 research (21). Hydra's ectodermal epithelial cells are covered with a multi-layered 92 glycocalyx that provides a habitat for a species-specific and core microbiome of low 93 complexity (11, 22, 23) , from which most microbes can be cultured in vitro (23, 24 
109
The Hydra ecosystem is characterized by an overall carrying capacity 110 Carrying capacity is defined as the maximum population size that an ecosystem can 111 sustainably support without being degraded. This concept from macro-ecology can also 112 be applied to host-microbe ecosystems. We here determine whether the Hydra 113 ecosystem is characterized by a specific carrying capacity, and whether it can be 114 reached again after the incubation of germ-free polyps with tissue homogenates of wild-115 type animals (conventionalized animals). We find that the carrying capacity of Hydra is Here we test whether microbial performance is affected by the presence of the other, 176 most dominant co-colonizer from the Hydra microbiome. Again, we contrast the in vivo 177 environment with the two in vitro environments to be able to test whether the 178 environment, the fellow microbes or an interaction of both determines microbial 179 population dynamics and community stability.
180
The overall population dynamics in di-associations resembles the one observed 181 in mono-associations, namely that irrespective of the environment, the carrying capacity 182 in all habitats is reached at about 72 h after inoculation. Both microcosm environments 183 are characterized by a carrying capacity of 10 7 -10 8 CFUs/ml, and so exceed the in vivo 184 carrying capacity by a factor of 10 4 (Fig. 3) . Nevertheless, di-associations on the host 185 also fail to reach the overall carrying capacity of wild-type polyps (Welch ANOVA, 
284
To investigate the interaction between Curvibacter and Duganella in more detail, 285 we tested whether the interactions between the two species are contact dependent by 286 performing spent medium assays. Our results indicate that the effect of Duganella on 287 Curvibacter might depend on direct contact, as Duganella supernatant did not negatively 288 affect the growth of Curvibacter. In contrast, Curvibacter supernatant led to an initial 289 time lag in Duganella growth, which was followed by an exponential growth phase after 290 about 35 h (note that such a time lag is not visible in the other media). The same pattern 291 can be observed in the fractions in the di-association experiments -also here, Duganella 292 started to outcompete Curvibacter only after an initial delay of 36 h (Fig. 4) . It is 293 interesting to speculate what might lead to this pattern. The fact that this also becomes 294 13 apparent in the supernatant experiments suggests that it is mediated by products in the 295 supernatant of Curvibacter, which might metabolically be not directly assessable, so 296 Duganella needs to adjust its physiology accordingly.
297
The observation that Curvibacter is not negatively affected by the Duganella's 298 supernatant suggests that direct contact is needed between the two species for 299 Duganella to outcompete Curvibacter. The competition can be either passive, where 300 strains compete for the same resources or active, where strains directly harm one 301 another (41). Thus, one explanation for the stable coexistence of the two species on 302 Hydra could be that the host environment leads to a (partial) spatial segregation of 303 Hydra's most dominant colonizers, reducing between-species contact, as has been 304 shown for biofilms (42). For Hydra it is known that it shapes its microbiota through the 305 secretion of antimicrobial peptides (43) and neuropeptides (44), which influences the 306 microbial spatial structure. In addition, other host mechanisms have been predicted, 307 such as the provisioning of carbon sources via epithelial feeding or releasing of specific 308 adhesive molecules from epithelial surfaces targeted at specific microbes (45). Thus, it is 309 important to conclude that while stability of microbial communities depend on 310 interactions between different bacterial strains and species, these interactions need to 311 occur in their native environment, the host. 312 313 14
Materials and Methods

314
Animals used, culture conditions and generation of germ-free animals 315 Hydra vulgaris (strain AEP) was used for carrying out experiments and cultured 316 according to standard procedures at 18°C in standardized culture medium (Hydra 317 medium (HM)) (46). Animals were fed three times a week with 1st instar larvae of 318 Artemia salina. Germ-free (GF) polyps were obtained by treating wild-type (WT) 319 animals with an antibiotic cocktail solution containing 50 μg/ml ampicillin, neomycin, 320 streptomycin, rifampicin and 60 μg/ml spectinomycin as previously described (43, 47) .
321
The antibiotic cocktail solution was exchanged every 48 h and the antibiotic treatment 322 lasted for two weeks, after which polyps were transferred into antibiotic-free sterile HM 323 for recovery (four days). The germ-free status of polyps was confirmed as previously 
411
Carrying capacities were compared between wild-type Hydra and di-412 associations using a Welch ANOVA, and between mono-and di-associations using an 413 ANOVA.
414
Analysis of variance (ANOVA) and subsequent post hoc t-tests were used to test 415 for differences in growth rates of the two competitors when grown singly in the 416 different environments. The response variable was 'growth rate', and explanatory 417 variables were 'bacterial species ', 'environment' and 'bacterial species' x 'environment'. 
